The immobilization efficiency of the complexes of oligonucleotide/poly(L-lysine) onto Poly(Styrene/Maleic Acid), PSMA, and Poly(Styrene/Maleic Anhydride), PSMAA, has been investigated using X-ray photoelectron spectroscopy and atomic force microscopy (AFM) in conjugation with fluorescence-based measurements of DNA attachment. A mono-molecularly thin layer of either electrostatically or covalently (via amide bond) coupled poly(L-lysine) (PL) allows the "switching" of the chemistry from a COOH-based to NH 2 -based one. The COOHbased chemistry has the advantage of a high yield of reaction but the disadvantage of a low surface concentration of DNA molecules (negative-negative electrostatic exclusion) whereas the NH 2 -based chemistry provides a higher surface concentration (positive-negative electrostatic attraction) but has a lower yield of covalent binding reaction. The immobilization efficiency of covalently coupled 26-mer oligonucleotides/poly(L-lysine) to polymeric surfaces was estimated as 0.3-0.5 x10 12 molecules/mm 2 for both polymeric surfaces studied. The electrostatic adsorption of poly(L-lysine)/oligonucleotides onto PSMA and functionalized PSMAA surfaces yielded 0.5 x 10 11 and 0.1 x 10 10 molecules/mm 2 , respectively. Although this mode of attachment is not "covalent binding" per se, the evidence is provided that this attachment is strong enough to withstand PCR cycles. The properties of these oligonucleotide/poly(L-lysine) complexes make them promising candidates for DNA-DNA hybridisation assays and PCR.
INTRODUCTION
The vast range applications of DNA microarrays in disposable biosensors [1] [2] [3] , lab-on-the-chip devices [4] [5] , etc. translated in intensive efforts focused on DNA-modified surfaces in recent years. The development of the robust solid-supports useful for stable, spatially resolved and efficient DNA immobilization is critical for DNA chip technology. This emerging and varied technology requires a multitude of substrate materials, with an increasing preference for polymeric materials, both because of its diverse applications and its immature stage of development. Therefore, many of the technical difficulties are related to the lack of a 'magic' surface chemistry that would apply to a large number of possible solid supports, which will assure a high, reproducible and controllable surface concentration of oligonucleotide/DNA. Traditionally, glass and metal surfaces, and in particular, alkanothiol self-assembled monolayer (SAM) on a gold surface, are used for high-density microarrays as the common support material [6] [7] [8] [9] . Glass support is highly rigid and impermeable, has low background fluorescence and allows covalent linkage of oligonucleotides via different immobilization chemistries. Despite these advantages glass support has limited surface density of functional groups (silanols) that control the surface concentration of tethered oligonucleotides. Theoretically this concentration might reach 10 -10 moles/cm 2 . According to steric considerations and the inefficiency of hybridisation, the surface concentration of accessible oligonucleotides is 1 molecule/500 Å 2 10 , which results in a required detection level of about 6500 molecules/µm 2 for readout strategies using visible or far-red fluorescence 11 . Polymeric supports are an attractive alternative due to their versatile chemical, physical, and surface properties. Also the cost of polymeric substrates can be considerably less than that of glass or gold 12 . Of the possible covalent binding sites, the OH, NH 2 , COOH (or related groups), and thiol-functionalised surfaces are commonly used [13] [14] [15] . However, the availability of binding sites is not evenly spread, with oxygen-containing groups (e.g. COOH) being far more common than other (NH 2 or SH groups). In this paper we explore the immobilization efficiency of oligonucleotide/poly(L-lysine) complexes electrostatically or covalently coupled by forming amide bonds via and N-hydroxysulfosuccinimide (NHSS) ester intermediate onto polystyrene-derived surfaces. We employed a combinations of microscopic methods for surface imaging as well as X-ray photoelectron spectroscopy to monitor the surface changes for each experimental phase.
METHODOLOGY

Polymeric surfaces preparation
Polymers used in this study were: polystyrene-co-maleic anhydride (PSMAA) and polystyrene-co-maleic acid (PSMA) (MW~ 225,000) purchased from Aldrich. Polystyrene-co-maleic anhydride was dissolved in toluene (99.7%), and polystyrene-co-maleic acid in tetrahydrofurane (TTF) (99.9%). Single layer devices were prepared on 30 x 50 mm glass substrates (#1 glass cover slips) that were sonicated in Pr i OH for 30 min, washed with copious amounts of filtered (0.2 µm) Nanopure water (18.2 M cm -1 ), and dried under a stream of high purity nitrogen. Glass cover slips were covered with Hexamethyldisilasane (HMDS) as the primer. The polymeric films were spincoated on primed glass substrates toluene/THF solution with concentrations between 2-5 mg/ml. The primer was spun at 1000 rpm and polymers at 3000 rpm, with a ramp acceleration of 1000 rpm using a Specialty Coating Systems spin coater (Model P6708). Finally, polymeric slides were baked for 60 minutes at 95 °C . To achieve the hydrolysis of the anhydride groups to acid groups, PSMAA slides were treated after baking using either 1M HCl or 1M NaOH solutions for 30min and then washed with Milli Q water. The envisaged chemical reaction is presented in Figure 1 . 
Estimation of the thickness of the polymeric films
Thicknesses of the polymeric films was determined by an optical ellipsometry technique 16 , using AutoEL-III null-point ellipsometer (Rudolph Res., Flanders. NJ): software version -3.9, operating wavelength -632.8 nm (He-Ne-laser), standard pin location -70 0 ±0.02 0 . Six separate points randomly-chosen for each pattern and the data for every pattern were averaged. An original bare glass-surface for a batch of slides was preliminary established, having optical constants such as NS=1.504 and KS=0.652.
Evaluation of surface hydrophobicity
The microfabricated films were analyzed by advancing contact angle measurements. Advancing contact angles were measured on sessile drops (2 µl) of Nanopure water at room temperature (20-23 ºC) in air using a contact angle meter constructed from an XY stage fitted with a (20 µl) micro syringe, a 20x magnification microscope (ISCO-OPTIC, Germany) and a fiber-optic illuminator. The images were captured using a digital camera (AIPTEK, Inc.), and analyzed using PaintShop Pro (Jasc Software). Observed values were averaged over six different readings. The temperature was 22 °C, and the relative humidity was 60%.
X-ray photoelectron spectroscopy (XPS)
Elemental analyses of plasma-treated polymeric surfaces were carried out on a Kratos Ultra Imaging X-Ray Photoelectron Spectrometer (XPS), using monochromatised Al Kα (photon energy = 1486.6 eV) radiation at a source power of 150 W. The analysis areas were nominally ~ 700x300 µm 2 . Wide scan and region scan spectra were acquired using 160eV and 20eV pass energies, respectively. Electron binding energies were calibrated against the C1s emission at 284.6 eV.
DNA attachment to polymeric surfaces
A 26 base-pair universal oligonucleotide primer 5' GTG GAT CAC CTG AGG TCA GGA GTT TC 3' corresponded to the 'alu gene' was used for attachment to selected polymeric surfaces via electrostatically or covalently bound poly(L-lysine) hydrobromide (PL, MW 2000, Sigma). The alu gene primer binds in both the forward and reverse direction, therefore it particularly convenient [17] [18] . The primer was labelled with the Fluorescein Isothiocyanate (FITC) at 3'-terminus and phosphorilated at 5'-terminus as purchased from GeneWorks. A multifunctional cross linkers, N-hydroxysulfosuccinimide (NHSS, Pierce) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC, Sigma) were used as received. Filtered (0.2 µm) Nanopure water (18.2 M cm -1 ) was used for all aqueous solutions and rinsing.
PL/DNA complexes were prepared in water at DNA concentration 20 µg ml -1 . For electrostatic attachment a portion of 5 µl of PL (10 mg ml -1 ) was added in the DNA solution, so the N:P ratio was 1.2 19 and the resulting solution was applied on the polymeric surfaces.
For covalent DNA immobilization on the polymeric surfaces, first the HNSS ester was formed by mixing of 75 mM EDC and 15 mM NHSS on the polymeric surfaces for 1 h. These PSMA-, PSMAA-NHSS esters were reacted for 1 h with a solution of 1 mg ml -1 PL (5mM lysine residue concentration) in TEA buffer (0.05 M, pH 8.0) with 0.25 M NaCl added. The latter was added to overcome the electrostatic repultion of the ammonium groups and to form a PL monolayer 20 . The solutions were then incubated for approximately 3 hours at 50 °C to enable DNA attachment in the sealed chamber to avoid evaporation. The slides were then washed 3 times with a solution consisting of 0.4 M NaOH and 0.25 % SDS (pre-heated to 50 °C), soaked for 5 min in the washing solution, before being washed again 3 times 19 . The fluorescence intensities were detected with a FluorStar Galaxy Fluor reader (Germany) by measuring emission at 490 nm with excitation at 520 nm.
Fluorescence Microscopy (FM)
The attachment of fluorescently labelled proteins on the ablated area was visualised and analysed using two different microscopic systems. One was the NIKON Microphot FX microscope with a UV light source (Nikon Mercury Lamp, HBO-100 W/2; Nikon C.SHG1 super high pressure mercury lamp power supply) at 100X objective. These images were captured on a Nikon camera (FX-35WA). The second system was a Nikon inverted microscope (Nikon Eclipse TE-DH 100W, 12V) with an attached UV light source (Nikon TE-FM EpiFluorescence). Images were captured on a Nikon Charged Coupling Device (CCD) camera. The fluorescence intensities were analysed using Gel-Pro Analyser software, version 4.0.
Atomic Force Microscopy imaging
Atomic Force Microscopy (AFM) was carried out on a TopoMetrix Explorer (ThermoMicroscopes) using the noncontact mode. Several scanners were used and the fields-of-view ranged from 100 x 100 down to 2 x 2 µm 2 . Silicon cantilevers with a spring constant of 0.032 N/m were employed and the analyses were carried out under airambient conditions (temperature of 23 °C and 45% relative humidity). 
DATA AND RESULTS
Evaluation of suitability of PSMAA and PSMA polymeric films for immobilization of oligonucleotides/poly(L-lysine) complexes
The base polymer suitable for the covalent binding of DNA/oligonucleotides must have several attributes, namely: good processability; glass transition temperature, Tg, above 100°C; transparent in the visible region and non-fluorescent; present a high density of binding sites per square mm. The evaluation of 60 commercially available polymers applicable for covalent binding of DNA/oligonucleotides was recently described elsewhere 21 . Briefly, only 22 polymers were in principle capable of DNA/polypeptides binding. Out of 22 polymers, only two had amino groups or rather similar groups. These polymers, i.e. poly-benzimidazole and poly(1-vinylpyrrolidone-co-acrylic acid), had high Tg's. However, it is questionable if the N substituted in an aromatic ring would allow an effective covalent binding of DNA. Out of 22 polymers, eight had an anhydride group. These groups can in principle be hydrolysed. Five polymers contained free carboxylic groups (possibly embedded in hydrogen bonding). These polymers were among the top candidates for DNA immobilization. Four polymers had OH phenolic groups and another 4 had alcoholic OH groups. Only the former polymers have high Tg's (for 2 methacrylates with alcoholic OH groups the Tg is unknown). These polymers are also good candidates for the covalent binding of DNA. In a class of its own, poly(tert-butyl methacrylate) (PtBuMA) does not have per se groups that can be used for the covalent binding. However, it is well known that PtBuMA can easily generate COOH groups upon irradiation with deep-UV light (or e-beam). With amino-containing polymer being scarce, the better possibilities are to use OH-and C=O-containing polymers. Therefore two polymers, namely: polystyrene-co-maleic anhydride (PSMAA) and polystyrene-co-maleic acid (PSMA) have been selected for this study. These polymers are particularly attractive because of their physical characteristics. PSMA had a valuable usage range of Tg up to 130 °C. Decarboxylation of the surface began to occur at around 160 °C. PSMAA had the largest usage range of 0 °C up to 200 °C. Oxidation began to occur on the surface at approximately 200°C. The transition from a solid to liquid state occurred at between 200-215°C, thus defining the satisfactory range of its thermal stability 21 . The thickness of PSMA-layer on glass cover slips was ellipsometrically investigated based on the layer-substrate model and estimated as ~55 nm. Contact angle measurements for PSMAA surface showed a decrease in contact angle from an original value of 65 o to 55° after treatment with NaOH, indicating that the surface became more hydrophilic. It is noted that contact angle of PSMA had a value of 50°. XPS analysis in the present study confirmed the presence of carboxylic and anhydride groups of the surface of PSMA and PSMAA polymeric films, respectively, as indicated by the presence of a distinct peak at 289.0 eV 22-23 on the Fig. 2 (top left). 
Electrostatic and covalent attachment of poly(L-lysine)
Poly(L-lysine) was chosen to control the oligonucleotides attachment. The polypeptides may adsorb onto a surface by an electrostatic attraction between the surface and charged amino acid residues. The mechanism and the expected strength of such adsorption is well documented [24] [25] [26] . Such approach for the creation of a charged surface was based on self assembled monolayer of 11-mercaptoundecanoic acid on gold that can be negatively charged via deprotonation of the carboxylic acid groups in the appropriate pH range [27] [28] [29] . Jordan et al. 27 using the PM-FTIR and surface plasmon resonance (SPR) spectroscopy proposed a model of the MUA-PL bilayer on the gold surface. The MUA molecules are oriented nearly perpendicular to the surface and the PL backbone is aligned parallel to the gold substrates. In our experiments we employed a similar approach using PSMA and chemically treated PSMAA, the surface of which are enriched by carboxylic groups for immobilization of oligonucleotides/poly(L-lysine) complexes. The adsorption of PL molecules onto PSMA and chemically treated PSMAA occurred when the surfaces were exposed for 30 min to an aqueous PL solution. Tentative scheme is presented on Fig. 3 . Such electrostatic adsorption is reversible and the PL is easy to remove from the surface by rinsing with a solution of pH less than 5 and more than 12 by disruption the ion pair between PL and surface. Even though this reversibility is advantageous for regeneration of the absorption biosensors and for some other applications 30 , covalent attachment of PL will resist desorption when a large number of the PL amino groups are derivatised with neutral or negatively charged moiety, or under conditions of high or low ph or ionic strength. Therefore we also used the covalent attachment of PL onto PSMA and chemically treated PSMAA surfaces by forming amide bonds via an Nhydroxysulfosuccinimide (NHSS) ester intermediate. The feasibility of the reaction was described elsewhere 20, [31] [32] . Briefly, a water-soluble carbodiimide coupling agent, 1-ethyl-3[-(dimethylamino)propyl]carbodiimide (EDC), and N-hydroxysulfosuccinimide (NHSS) were used to covert the carboxylic acid groups of PSMA and chemically treated PSMAA to NHSS esters (Fig. 4) . Reaction of such activated surfaces with an aqueous solution of ε-amino groups of PL creates an amide bond with the surface. The attachment of PL both electrostatically and covalently is evidenced by XPS data indicating the presence of nitrogen and sulphur compounds on the polymeric surfaces, as shown in Table 1 . The presence of sulphur compounds on the covalently linked PL samples suggest that some NHSS still remained on the surface following the attachment of PL. It is noted that the N:S ratio of NHSS is 1:1, suggesting that the contributions of PL to the N/C ratio of the PSMA and PSMAA samples are about 0.04 and 0.05, respectively. Comparing with the N/C values of electrostatically bound PL samples, it can be seen that in the case of PSMA samples both attachment methods resulted in similar amounts of surface bound PL; whereas for PSMAA samples, the electrostatic attachment is much less effective compared to the covalent binding. High-resolution N 1s, S 2p and C 1s spectra also provide further insights into the nature of these compounds. As shown in Fig. 2 (bottom) , the N 1s spectra exhibit two distinct peaks at 400.1 eV and 401.9 eV, with a ratio ranging from 0.8 to 1.3. The peak at 400.1 eV is attributed to C-N or N-C=O species, whereas the peak at 401.9 eV is most likely due to NH 3 + . The presence of NH 3 + species on the covalently-bound PL samples suggest that part of PL is not covalently linked to the surface. The S 2p spectra for the activated samples exhibit a doublet at 169.0 eV, which is due to oxidised sulphur, consistent with NHSS still remained on the surface following the attachment of PL. As well, the C 1s spectra show that the peaks at 286.0 eV and 288.4 eV are more pronounced following treatments while that at 289.0 eV (carboxylic / anhydride) become insignificant ( Fig. 2 (top) . The peak at 286.0 eV is attributed to C-N or C-O species, and that at 288.4 eV to N-C=O or O-C=O [21] [22] . The decrease in relative intensity of the carboxylic / anhydride groups, coupled with the corresponding increase in proteinaceous species, is consistent with the presence of PL on the surface.
The immobilization efficiency of electrostatically adsorbed and covalently coupled 26-mer oligonucleotides to polymeric surfaces
Earlier we evaluated the efficiency of covalent attachment of the phosphorylated oligonucleotides using the heterobifunctional cross linker 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) directly to polystyrene-co-maleic anhydride (PSMAA) and polystyrene-co-maleic acid (PSMA). The immobilization efficiency of covalently coupled 26-mer oligonucleotides to polymeric surfaces was estimated as 0.3 x 10 10 and 0.1 x 10 9 molecules/mm 2 for PSMA and PSMAA, respectively, suggesting that the covalent binding was relatively sufficient although the density of DNA was one-two order of magnitude lower than that theoretically estimated. The present study is the extension of the previous work and explores the immobilization efficiency of the same 26-mer oligonucleotides via poly(L-lysine) hydrobromide which was either electrostatically or covalently bound to the surfaces. We measured the fluorescence intensities using FluorStar Galaxy Fluor reader. Representative fluorescence images of oligonucleotides/poly(L-lysine) complexes attached on the PSMA and chemically treated PSMAA polymeric surfaces are shown in Fig. 5 . The bound surface density of electrostatically bound oligonucleotides/poly(L-lysine) complexes was estimated as 0.3-0.1 x10 11 -10 10 molecules/mm 2 for PSMA and PSMAA, respectively, and one order of magnitude higher obtained for covalently bound oligonucleotides/poly(Llysine) complexes, that was comparable to the theoretical limit expected for a two-dimensional closest-packed array 14 . Surface imaging with attached oligonucleotides/poly(L-lysine) complexes was also performed using AFM. Comp arative images of the native polystyrene-co-maleic acid polymeric surface (on the top) and after covalently attached oligonucleotides are shown in Fig. 6 . 
CONCLUSIONS
The immobilization efficiency of electrostatically adsorbed and covalently coupled 26-mer oligonucleotides to selected polymeric materials, i.e. polystyrene-co-maleic anhydride and polystyrene-co-maleic acid, the latter also further treated with acidic and basic solutions, have been analysed by a combination of microscopic experiments for surface imaging and X-ray photoelectron spectroscopy. The efficiency of the electrostatically bound oligonucleotides/poly(L-lysine) complexes was estimated as 0.3-0.1 x10 12 -10 11 molecules/mm 2 for PSMA and PSMAA, respectively, and that of covalently bound was about 10 times greater. The results suggest that both strategies for oligonucleotides immobilization, depending on the applications, are capable to achieve high density of DNA required by DNA microarrays. Polymers used have the potential to be used as a cheap alternative for other low cost applications. The work can be also used as a methodological example for further studies.
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